Rhodopsin Mutants That Bind But Fail to Activate Transducin
Rhodopsin is a member of a family of receptors that contain seven transmembrane helices and are coupled to G proteins. The nature of the interactions between rhodopsin mutants and the G protein, transducin (G,), was investigated by flash photolysis in order to monitor directly G, binding and dissociation. Three mutant opsins with alterations in their cytoplasmic loops bound 11-cis-retinal to yield pigments with native rhodopsin absorption spectra, but they failed to stimulate the guanosine triphosphatase activity of Gt. The opsin mutations included reversal of a charged pair conserved in all G protein~coupled receptors at the cytoplasmic border of the third transmembrane helix (mutant CDl), replacement of 13 amino adds in the second cytoplasmic loop (mutant CD2), and deletion of 13 amino adds from the third cytoplasmic loop (mutant EF1). Whereas mutant CDl failed to bind Gt, mutants CD2 and EF1 showed normal Gt binding but failed to release Gi in the presence of guanosine triphosphate. Therefore, it appears that at least the second and third cytoplasmic loops of rhodopsin-are required for activation of bound Gt.
P
HOTOACrIVATED RHODOPSIN, METArhodopsin I1 (Mil), binds to Gt and catalyzes guanosine diphosphate (GDP)-guanosine triphosphate (GTP) exchange (1). The GTP-bound form of the a subunit of Gt then dissociates from MI1 and interacts with a guanosine 3',5'-monophosphate (cyclic GMJ?) phosphodiesterase, a process that ultimately results in the generation of a neural signal (2) . Evidence suggests that the cytoplasmic surface of rhodopsin (Fig. 1A) participates in Gt binding and activation. The sites of rhodopsin that interact with Gt have been proposed to include loop CD (3), loop EF (4, 5) , or a combination of these loops, as well as a third loop formed by the COOH-terminal tail (Fig. 1A) further study the specifiaty of interaction between rhodopsin and Gt, we prepared rhodopsin mutants in which cytoplasmic loops CD or EF were altered by amino acid replacements or deletions (Fig. 1B) . In mutant CD1, a charged pair (~l u '^A r~'~* ) was mutated to A r g '^G l~'~~ (7). A GluArg or AspArg charged pair is conserved at the cytoplasmic border of helix C in all known G proteincoupled receptors. In mutant CD2, a segment of 13 amino acids (residues 140 to 152) in loop CD was replaced by an unrelated sequence of equal length. A 14Ã'arnin acid segment (residues 137 to 150) was deleted from loop CD to form mutant CD3, and a 13-amino acid segment (residues 237 to 249) was deleted from loop EF to form mutant EF1. The mutant opsin genes were expressed in COS-1 cells, regenerated with ll-ck-retinal, and purified in detergent solution by an immunoaffinity procedure (4, 8) .
Ultraviolet (UV)-visible spectroscopy and in vitro guanosine triphosphatase (GTPase) assays were performed on these opsin mutants (Table 1) . Mutant CD3 did not bind 5 OCTOBER 1990 REPORTS 123 11-cis-retinal and, thus, did not yield a chromophore. Mutants C D l , CD2, and EF1 formed pigments with absorption spectra indistinguishable from that of native rhodopsin [wavelength of maximal absorption (Amax) = 500 nm] and showed the characteristic shift in Amax to 380 nm (Amax of Mil) on illumination. However, these mutants did not activate Gt, as assayed by lightdependent inorganic phosphate (Pi) release. A mutation resulting in a loss of light-induced GTPase activity in this assay might be attributable to a defect in MI1 formation or to the formation of an Mil-like species that either failed to bind Gt or that bound Gt but failed to induce the guanine nudeotide exchange necessary for the activation process.
To identify the specific defect that prevented light-induced activation of transducin, we studied the rhodopsin mutants by flash photolysis under conditions that allowed the distinct monitoring of MI1 formation, Gt binding, and Gt activation and release (9, 10) ( Thus, the failure of mutant CD1 to bind Gt may indicate that a direct interaction exists between the ~l u '^~r~'~~ charged pair and (20) . The seven putative transmembrane helices (A through G) are represented by cylinders. Cytoplasmic loops linking the successive helices are designated AB, CD, and EF. A fourth putative loop is formed by a portion of the COOHterminal tail between helix G and a pair of palmitoylated cysteines (21) . The cytoplasmic surface of rhodopsin interacts with soluble GI. The charged pair G l u '^~r g '~~ has been proposed to form the cytoplasmc border of transmembrane helix C (7, 22). (B) Amino acid sequences of loops CD and EF in bovine opsin (23) and the corresponding mutants. In mutant CD1, the charged pair G l~'~~A r g~'~ was reversed. Because mutant CD3, a deletion of 14 amino acids (residues 137 to 150), failed to bind 11-CIS-retinal and yield a chromophore, mutant CD2 was prepared in which 13 amino acids (residues 140 to 152) were replaced by a sequence derived from the NHzterminal tail region (residues 2 to 14) of rhodopsin. Mutant EF1 contained a deletion of 13 amino acids (residues 237 to 249). Site-directed muta- Fig. 2 . Flash-induced formation of MI1 and GIdependent stabilization of Mil. Flash photolysis experiments were performed according to a dualwavelength spectrophotometric method (6, 27) . Results are for purified COS cell rhodopsin, CD1, CD2, and EF1. Three traces are shown for each pigment: a, pigment alone; b, pigment plus GI; and c, pigment plus G, plus GTP. COS cell rhodopsin produced a small amount of MI1 on illumination. In the presence of Gi, the amount of MI1 increased because G, bound MI1 to shift the MI-Mil equilibrium toward Mil. In the presence of G, and GTP, activated G, dissociated from MI1 so that the MI-MI1 equilibrium was unaffected and no additional Mil was observed. Mutant munoaffinity procedure (8, la), and subjected to UV-visible spectroscopy and transducin activation assays (7). The Amax was determined in 0.1% dodecyl maltoside (pH 7.1) at 20Â°C On illumination with light of greater than 495-nm wavelength, each of the pigments was converted to an MI1 species absorbing at 380 run. However, none of the mutant rhodopsins stimulated the GTPase activity of G,. GTPase activity refers to the lightdependent release of Pi in a system consisting of purified pigment, purified bovine G,, and GTP (SE Â¥ 10.7%, n = 20) (7). The values used for extinction coefficients of rhodo sin and the mutant pigments were 42,700 M" cm-' (19) . The specific activity of rhodopsin was 61.6 Â 20.4 pmol of Pi released per picomole of pigment per minute (mean 5 SE, n = 6). The GTPase activity values are normalized to the activity of rhodopsin purified from COS cells in parallel with the mutant pigments. Mutant opsin CD3 did not bind 11-as-retinal to yield a chromophore. Gt, which binds to mutants CD2 and EF1, is not measured directly in these experiments. Hypothetically, the Gt nucleotide binding site may be unoccupied or may contain GDP or GTP. We find it likely that the GDP form of G( binds to photoactivated rhodopsin, and that the release of GDP then allows MI1 stabilization (12) . The activation step that is blocked in mutants CD2 and EF1 may be the signal that induces formation of the GTP binding pocket in Gt. Thus, we speculate that mutants CD2 and EF1 bind to Gt that is nudeotide free. Many receptors that couple to G proteins have been identified, and deciphering the mechanism of G protein activation is central to an understanding of G protein-mediated signal transduction. Mutants of the pz-adrenergic receptor (p-AR), which is structurally related to rhodopsin (13) , have been studied in whole-membrane preparations with steadystate agonist binding assays. A &amino acid deletion from the third cytoplasmic loop (EF) of p-AR produced a receptor with a single high-affinity agonist state, which did not activate adenylate cydase (1 4, 15) . The interpretation of this result was that the mutant receptor was uncoupled from the G protein, G,. A seven-amino add deletion in the same loop (EF) of P-AR results in a moderate impairment of the adenylate cydase response and a single high-affinity agonist state (16) . It was concluded that this receptor domain in loop EF might participate in the transmission of an agonist-induced stimulatory signal to Gs. Our direct demonstration of an inactive mutant rhodopsin-Gt complex supports the interpretation that these deletion mutants of f3-AR bound Gs to form a complex with impaired activity. Furthermore, the combined results of our and other studies ( 14-1 7) suggest that the Gs-induced high-affinity agonist state of p-AR is analogous to the Gt-induced s t a b ition of Mil. The correlation between rhodopsin and p-AR might be tested further by purifying mutant p-ARs and studying agonist binding affinity and the stimulation of Gs in artificial vesicles. Thus, the study of rhodopsin-Gt interactions may provide general information regarding transmembrane signaling, and our direct spectroscopic assay of purified rhodopsin mutants should allow a more detailed analysis of discrete steps in the G protein activation pathway. Lo et a/., ibid. 81, 2285 (1984).   26. F. Sanger, S. Nicklen, A. R. Coukon, ibid. 74,5463   11977 
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